Purpose Passive anterior knee laxity has been linked to non-contact ACL injury risk. High deceleration movements have been implicated in the non-contact ACL injury mechanism, and evidence suggests that greater anterior tibial translations (ATT) may occur in healthy knees that are lax compared to a tight knee. The purpose of this study was to determine the relationship between anterior knee laxity scores and ATT during drop landings using biplane fluoroscopy. Methods Sixteen healthy adults (10 women; 6 men) performed stiff drop landings (40 cm) while being filmed using a high-speed, biplane fluoroscopy system. Initial, peak and excursions for rotations and translations were calculated and regression analysis used to determine the 6DoF kinematic relationships with KT1000 scores with peak ATT occurring during the landing. Results KT1000 values were (?) correlated with peak ATT values for group (r = 0.89; P \ 0.0001) and both genders (males, r = 0.97; P = 0.0003; females, r = 0.93; P = \ 0.0001). Regression analysis yielded a significant linear fit for the group (r 2 = 0.80; Y ATT-group = -0.516 ? 1.2 9 X KT1000-group ) and for each gender (females: r 2 = 0.86; Y ATT-females = 0.074 ? 1.2 9 X KT1000-females and males: r 2 = 0.94; Y ATT-males = -0.79 ? 1.2 9 X KT1000-males ). Conclusion A strong relationship was observed between passive anterior knee laxity measured via KT1000 and peak ATT experienced during dynamic activity in otherwise healthy persons performing a stiff drop-landing motion.
Introduction
Biomechanical injury risk assessments collected in the laboratory and neuromuscular training programs have shown promise in identifying individuals who are at a high risk of sustaining a non-contact ACL injury [12, 23] . However, using sophisticated motion capture techniques for screening potential ''at-risk'' athletes can be expensive and time consuming. Thus, research has been initiated to identify potential risk factors that can be easily obtained without expensive equipment or staff time [11, 32, 36] .
Previous studies have suggested anterior knee laxity, as measured by the KT 1000/2000 devices, is predictive of ACL injuries [32, 36] . Woodford-Rogers et al. [36] found greater measures of knee laxity in the non-injured limb of ACL injured patients. Uhorchak et al. [32] noted athletes with higher knee laxity scores are more likely to injure their ACL. Due to technical limitations of traditional motion capture techniques, no study has been able to directly link passive anterior knee laxity to knee translations occurring in vivo during a high-demand activity such as the drop landing.
Given that the knee is exposed to considerable anterior shear forces during functional exercises such as the drop landing [16, 24, 25] and large quadriceps moments have been implicated in the non-contact ACL injury mechanisms [4, 7, 37] , it is reasonable to hypothesize that greater ATT may occur in the otherwise healthy knee that exhibits greater passive anterior laxity compared to a knee that is more ''tight''. Clinically, understanding the relationship of passive knee laxity to dynamic knee function, and knee translations in particular, is important if our goal is to understand and efficiently select appropriate parameters to examine risk of ACL injury in any population. Thus, this study aims to bridge the current gap between clinical measures of passive, anterior knee laxity and dynamic knee translation occurring in vivo.
The purposes of this study were to utilize high-speed, biplane fluoroscopy to: 1) determine the relationship between anterior knee laxity measured via KT 1000 and 3D knee rotations and translations measured in vivo during a drop-landing motion in healthy male and female adults. We hypothesized that individuals who posses higher anterior knee laxity scores as measured via KT 1000 will also exhibit greater ATT during the drop landing.
Materials and methods
Sixteen recreational athletes (10 women; mean age: 26.1 ± 5.5 years, mean height 1.6 ± 0.04 m, mean weight 65.4 ± 14.3 kg; and 6 men: mean age 32.1 ± 7.9 years; mean height 1.9 m ± 0.1, mean weight 85.1 kg ± 7.3) volunteered to participate in this study. These participants had no history of lower extremity injury. All subjects provided written informed consent approved in accordance with the National Institutes of Health's guidelines.
For all testing, all subjects wore spandex-like shorts and women wore a tightly fit top. All subjects wore the same standardized court shoe (Turntec, model no. TM08061). Passive anterior knee laxity of each subject was measured using the KT 1000 TM knee ligament arthrometer (MEDmetric Ò Corporation, San Diego, California, USA). All measures were made by a single examiner using methods as previously described [27] with an anterior force of 177 N with translation (in mm) recorded. The anterior knee laxity examination was conducted three times, and the translation values were averaged to produce a single value for each subject.
Subjects performed a drop-landing motion by stepping off a 40-cm high platform onto a force plate. The subjects were verbally instructed to land in a ''stiff'' manner by ''trying not to bend at the hip, knee or ankle during the fall nor at or after ground impact''. Stiff landings were selected as the landing style for analysis because: (1) this landing style has often been cited as the way ''not to land'' to avoid ACL noncontact injuries [23] ; (2) larger external ground reaction forces, joint reaction forces and ACL loads have been associated stiff landings [25] ; and, (3) stiff landings allow for more consistent landing patterns with reduced variability across subjects [5] . After a 5-min warm-up, the subjects completed 10 stiff landing trials in which a single trial for each subject was collected by fluoroscopy for analysis. The foot of the dominant limb landed directly onto a force plate (Bertec Corp., Columbus, Ohio) secured to the laboratory floor. The force plate data were collected at 1200 Hz and synchronized with the fluoroscopy video images such that the specific fluoroscopy frame could be determined.
The subjects also completed a slow (2 s), unloaded knee extension motion from a seated position (hip angle at 90) starting at a knee flexion of 90 degrees to the fully extended position. The location of the tibia and femur at full extension was used to define the zero reference position of the bones of the knee [1] .
Description and calibration of the biplane fluoroscopy system
The biplane fluoroscopy system utilized in this study has been described in detail previously [2, 31] . In brief, the biplane fluoroscopy system comprised of two commercially available BV Pulsera c-arms with 30-cm image intensifiers (Philips Medical Systems, Best, Holland) which were modified and coupled to two high-speed, high-resolution (1,024 9 1,024) digital cameras (Phantom V5.1, Vision Research, Wayne, NJ) that were interfaced with the image intensifiers (Fig. 1) . Collection of in vivo landing data using biplane fluoroscopy
In vivo biplane fluoroscopy data collection consisted of two parts: (1) obtaining a static CT of the knee joint for bone pose estimations; and, (2) collecting the biplane fluoroscopy data during the drop landing.
Tracking the tibia and the femur in the fluoroscopy images requires 3D models of the bones. For each subject, a supine, high-resolution (voxels: 0.7 9 0.7 9 0.5 mm), static bone CT scan of the knee (12 cm above and below the joint line) utilizing an Aquilion 64 (Toshiba America Medical Systems, Tustin, CA) was obtained [31] . For each landing, biplane fluoroscopy data were collected for 1.0 s at 500 frames/s with a shutter speed of 1/2,000 of a second [31] . The x-ray generators were operated in radiographic mode at 60 mA and approximately 60 kV.
Data reduction
Data processing consisted of four steps: (1) 3D bone geometry reconstruction of the femur and tibia/fibula from CT data; (2) coordinate system assignment and geometry transformation; (3) bone pose determination in the biplane fluoroscopy data; and, (4) post-processing to extract the knee kinematics. The 3D geometries of the femur and tibia/ fibula were extracted from the CT data using commercial software (Mimics, Materialize, Inc, Ann Harbor, MI). Custom software written in Matlab (The Mathworks, Natick, MA) was used to assign anatomical coordinate systems to the bones and to transform the bones to positions suitable for pose reconstruction.
The origin of the femoral coordinate system was placed at the midpoint between the medial and lateral femoral condyles on the center line of a cylinder fitted to the medial and lateral posterior condyles. The medio-lateral (ML) axis of the femur was assigned as the line through the long axis of this cylinder. The superior-inferior (SI) axis was placed along the posterior line of the femur, and an anteriorposterior (AP) axis was determined as the cross product of the ML and SI axes [1] . The femoral coordinate system was assigned to the tibia at full extension (i.e., 0 deg) in the knee extension trial representing the neutral or 'zero' position.
Determination of the bone poses from the biplane fluoroscopy data was performed using MBRSA (Medis Specials, Leiden, The Netherlands). A fully automatic 6 degree-of-freedom optimization algorithm was used to determine the pose (position and orientation), which optimally matched the detected contours with the projected contours from the imported bone geometries (Fig. 2) . Using the bone pose sequences, knee kinematics were calculated using methods described by Grood and Suntay [9] where knee rotations and translations indicate motions of the tibia with respect to the femur (Fig. 3) .
Kinematic accuracies for tracking tantalum beads and bones using this biplane fluoroscopy system were determined. The accuracy and precision (mean and SD) of tracking 1.0 mm diameter tantalum markers were -5.5 lm and 32.5 lm, respectively. Based on the high accuracy of tracking tantalum beads, bead tracking were used as the gold standard for bone tracking methods. Tantalum beads were placed in a cadaveric knee specimen (3 beads per bone), and the specimen was manually ranged and cycled through full flexion-extension, varus-valgus and internalexternal rotation. The mean and ±1 standard deviation of the differences in joint kinematics between those determined by tantalum beads and those by bone tracking were 0.2 ± 0.3 mm, -0.1 ± 0.1 mm, -0.05 ± 0.1 mm in translations; and 0.1 ± 0.1°, 0.3 ± 0.2°, 0.1 ± 0.3°in rotations. Additionally, tantalum beads were also placed in a cadaveric knee specimen (3 beads per bone), and the specimen was mounted on a vertical slide bar such that the tibial portion of the cadaver was rigidly fixed to the slide bar, and the femur was allowed to flex upon force plate (ground) impact. The specimen was allowed to drop from a height of 40 cm and impacted the force platform (with a peak impact force of 25 N/Kg). Seventeen frames taken at a 125 Hz (every fourth frame) sample from the 500-Hz sampling frequency including several frames before, at and after the impact and encompassed a knee excursion of *70 degrees (from the free-fall angle of *15 degrees, a contact angle of *17 degrees to *85 degrees of flexion) were tracked using the same bone tracking methods as described in this and a previous study [31] . The mean and ±1 standard deviation of the differences in joint kinematics between those determined by tracking the tantalum beads and those by bone tracking were 0.07 ± 0.7 mm, 0.1 ± 0.6 mm in medial-lateral and anterior-posterior translations; and 0.09 ± 0.4°, 0.1 ± 0.05°, 0.1 ± 0.8°in flexion, varus-valgus, internal-external rotations, respectively. These values are consistent with previous work by others using the MBRSA software [13, 29] .
Following the example of precision motion measurements taken from cadaver knees [14] , tibial translations and rotations measured from each subject during landing were referenced to the unloaded knee extension task. This was achieved by subtracting the translation and rotation of the tibia during the knee extension from data collected during the landing task at the same corresponding knee flexion angle.
Statistical analysis
Individual and group means ± 1 standard deviation for the initial, peak and excursions for knee flexion angle, knee internal-external rotation and knee varus-valgus angles as well as ATT and knee lateral translations (LT) were calculated for each subject's trial. Gender comparisons between KT 1000 and kinematic datasets were conducted using ANOVA (alpha = 0.05). Prior to investigating the relationship between maximal ATT and laxity scores, the data describing these parameters were analyzed for normality. Pearson product moment correlation coefficients were then calculated to identify the relationship between passive knee laxity scores and maximal ATT occurring during the landing motion. Following the correlation analysis, linear regression was used to establish a prediction equation of passive anterior knee laxity score and maximal ATT during the landing. Figure 4 shows the vertical ground reaction force for each subject as well as the time period for which biplane fluoroscopy data was collected and analyzed. Peak ground reaction force was 2.99 ± 0.63 BW. There was no significant difference between genders with respect to peak ground reaction force (P = 0.39).
Results
Group-and gender-specific mean ± 1 standard deviation for KT 1000 values are provided in Table 1 . No significant gender differences were observed in KT 1000 laxity scores (P = 0.09).
Data for initial, maximal, minimal and range of knee flexion, internal/external and varus/valgus rotations between the first frame after ground contact to maximal knee flexion are presented in Table 2 and time series in (Fig. 5a ). There were no significant differences between genders in any of knee joint rotation variables (all P C 0.14).
Group-and gender-specific mean ± 1 standard deviations for initial, maximal, minimal and range of ATT, lateral translations (LT) and time to maximal ATT are presented in Table 3 and time series data are provided in Fig. 5b . There were no significant differences between genders in the initial, maximal, minimal or range of ATT or LT values (all P C 0.22). There was no significant difference in the time to maximal ATT between genders (P = 0.81).
Significant linear correlations were observed. Notably, when group correlations were made (men and women pooled together) KT 1000 values were positively correlated with maximal ATT values (r = 0.89; P \ 0.0001) (Fig. 6 ). This Fig. 2 Example frame of the model-based Roentgen stereophotogrammetric analysis with the 3D model a subject's knee being matched to the two fluoroscopic views Fig. 3 Representative bone geometry model derived from the CT scan depicting coordinate axes used to define the reference position of the tibia and femur: medial-lateral (ML), superior-inferior (SI), and anterior-posterior (AP) correlation remained significant when the data were separated by gender (males, r = 0.97; P = 0.0003; females, r = 0.93; P = \ 0.0001). Regression analysis yielded a significant linear fit for the group (r 2 = 0.80; Y ATT-group = -0.516 ? 1.2 9 X KT1000-group ) as well for each gender (females: r 2 = 0.86; Y ATT-females = 0.074 ? 1.2 9 X KT1000-females ; and males: r 2 = 0.94; Y ATT-males = -0.79 ? 1.2 9 X KT1000-males ).
Discussion
A major finding of this study was that peak ATT was positively correlated with KT 1000 in both healthy males and female adult knees when performing a stiff droplanding motion. This finding is in agreement and generally supports previous work which has shown anterior knee laxity to be positively associated with an increased risk of ACL injury. Passive anterior knee laxity has been cited as risk factor for ACL injury but the mechanical relationship of passive knee laxity to knee translations during dynamic activities has not been described in vivo. In this study, the 6 DOF in vivo tibio-femoral motions during a stiff drop landing in healthy men and women was determined by means of a high-speed biplane fluoroscopy system. The results of this study show that passive knee laxity obtained by KT 1000 testing to be significantly correlated with ATT during the drop landing.
Both passive and active structures are responsible for maintaining knee stability during dynamic activities. How these structures interact to provide such stability is unknown at this time. It is plausible, however, that increased passive knee joint laxity may contribute to ACL injury as lax ligaments may allow excessive knee translations at the time of external loading and before muscle stabilizing forces can react or be otherwise applied. KT 1000 measures are easily obtained and show high intratester reliability with slightly lower but acceptable intertester reliability in the hands of experienced users [3, 10] . Previous studies have suggested anterior knee laxity, as measured by the KT 1000/2000 devices, is predictive of ACL injuries [32, 36] . Woodford-Rogers et al. [36] found greater measures of knee laxity in the non-injured limb of ACL injured patients. Uhorchak et al. [32] noted athletes with higher knee laxity scores are more likely to injure their ACL. In the present study, anterior knee laxity as measured by KT 1000 independently explained 79% of the variance in ATT measured during the drop landing across all subjects. This direct relationship has not been previously documented and suggests that anterior knee laxity taken during a passive examination can be predictive of ATT during a dynamic activity. Moreover, this relationship was observed in otherwise healthy individuals whose KT 1000 measures were (for both men and women) within normal limits as provided by previous reports [28, 36] . These observations serve to support previous retrospective studies which have noted increased risk ACL injury with increased anterior knee laxity [6, 32] . The magnitudes of ATT and lateral translation found in this study are also of interest and are comparable to the values in previous dynamic, in vivo reports listing ATT values of *4-5 mm for walking and *8 mm for running [19, 30] . It should be noted that during walking, jogging and running, the peak external forces range from 1 to 2 BW [15] which are lower than those during the drop landings performed here (2.9 BW). With higher external forces as with the stiff landing, one would expect higher knee translations to result. However, current knowledge regarding ACL stiffness and load mitigation are based primarily on in vitro investigations [34, 35] , and these are limited in external and physiologic (muscular) load applications. Future experiments investigating increased demands on the knee using the presented fluoroscopy-based imaging technology are warranted to better understand the underlying neuromuscular control mechanics associated with increasing demand on knee function and how ACL stiffness and other soft tissues around the knee interact to help mitigate increased external loads in vivo, across gender and age ranges.
Controversy surrounds the causative event underlying the non-contact ACL injury. The fact that the ACL provides *85% of the total restraint to ATT when the knee is at 20-30°of flexion [21] coupled with previous research [20, 22] , which has shown combined ACL/MCL ligament injuries are rare (\30%), suggests that a primarily sagittal plane mechanism may be responsible for the non-contact ACL injury as discussed by Yu and Garrett [37] . This theory is also supported by in vitro data which shows that low flexion angles coupled with high quadriceps forces cause increases in ACL strain [21] and even ACL rupture [7] . The current study provides general support of the ''anterior shear/quadriceps induced injury'' theory as ATT was directly correlated with KT 1000 measures and not lateral translation values in healthy men and women performing a motion that is characterized by large quadriceps forces directed onto the tibia at relatively low knee flexion angles.
Another theory of the non-contact ACL injury is the high valgus knee angle or ''valgus collapse'' mechanism [12, 26] . Hewett et al. [12] reported individuals with greater than 8 degrees of knee valgus during a pre-screening test went on to tear their ACL during seasonal game play. In the controlled laboratory settings, researchers have investigated the knee valgus angle during landing using traditional motion capture techniques [5, 8, 12, 17, 24] . Given the differences in data recording, processing, landing heights, verbal cues and the inherent differences between motion capture techniques, there is ample variability in the knee valgus angles reported by these studies [8, 16, 17] . The knee valgus angle data reported herein are generally less than previously reported valgus knee angles for women and men landing in controlled laboratory settings. As such, this study contributes to the non-contact ACL injury body of literature as data from previous studies on landing are based on traditional motion capture or video-based technology [8, [16] [17] [18] which may be over-estimating the true valgus knee angle during the landing motion. Investigations to make comparisons between traditional motion capture techniques and biplane fluoroscopy techniques, particularly with regard to varus-valgus knee motions, are warranted and are currently underway.
The time required to reach maximal ATT following initial ground contact is also important for the basic hypothesis for neuromuscular training programs to prevent non-contact ACL injury mechanism. This study shows that the peak ATT is highly variable, occurring on average 65.4 ± 24.6 ms (range 30-108 ms) after ground contact in men and women performing a stiff style landing in a noninjurious, controlled laboratory setting. Video analyses from Krosshaug et al. [18] indicate that ACL rupture occurs very quickly after ground contact. Pflum et al. [25] using model and simulation techniques also estimated peak ACL load to occur at *40 ms after ground contact. A longer time to peak ATT supports the implementation of neuromuscular training programs as this can allow for short (spinal) loop and potentially long (cortical) loop neuromuscular responses times to be employed to prevent the injury.
Within the scope of this study, limitations are acknowledged. This study utilized a convenience sample of healthy male and female adults in a controlled setting for experimentation; as such, can be considered a limitation in understanding knee motion during the actual non-contact ACL injury mechanism. The lack of gender differences in KT 1000 values and landing kinematics signifies that the women in this study were, according to popular ACL injury screening methods [12] , not at risk for ACL injury, which makes it difficult to infer ''risk'' from the current data. Thus, the women in this study land ''more like males'' and also possessed knee laxity values within normal female datasets [28, 36] . Moreover, we did not control for female-specific issues such as menstrual cycle which can affect ligamentous laxity [33] ; and, only stiff landings were evaluated. Stiff landings were selected a priori in an attempt to reduce landing variability and to maximize loading at the knee and thus increase our ability to detect ATT, and women tend to land less flexed [5] . The use of the stiff landings may have also limited the differences between genders by limiting the motor control parameters by which males and females land. Thus, the use of stiff landings and the current data may not be applicable to other landing styles.
Despite these limitations, the current results have valuable applications to better understanding knee function during stiff style landings with regard to the timing and magnitude of ATT and its relationship to passive anterior knee laxity measures. Clinically, knee laxity scores via the KT 1000 are often obtained. Since meaningful relationships between ATT and anterior knee laxity were noted in these otherwise healthy individuals (in both genders and in those not at risk for ACL injury); this data provide a valuable baseline for comparative investigations of men and women who may be identified as ''at risk'' for noncontact ACL injury using traditional motion capture screening techniques [12] . It is hoped that the direct link between passive ATT obtained via KT 1000 and dynamic ATT measured during drop landings will inspire new research aimed at pre-screening those at risk for ACL injury using passive knee laxity as a risk factor.
Conclusion
In conclusion, the major finding of this study was that peak ATT was positively correlated with KT 1000 in both healthy males and female adult knees when performing a stiff drop-landing motion. These findings are in agreement and generally support previous work which has shown that anterior knee laxity is associated with an increased risk of ACL injury and is a parameter that is easily obtained and should be considered in future, prospective studies concerning the non-contact ACL injury.
